ABSTRACT The phenomenon of multiple embryos in birds and other oviparous vertebrates is very rare and thus poorly studied. Some populations of wild birds or lines of poultry, including the zatorska goose, may be particularly predisposed to developing monovular twin embryos (MTE). The aim of the study was to investigate the frequency of single yolk twin embryos in the zatorska goose and to establish whether these embryos are generated as a result of polyembryony or other developmental anomalies.
INTRODUCTION
The phenomenon of multiple embryos is widespread in viviparous vertebrates (mammals) (Scott, 2002; Weber and Sebire, 2010; McNamara et al., 2016) , but in the case of oviparous vertebrates its occurrence is very rare and thus poorly studied (Carpenter and Yoshida, 1967; Ameenuddin et al., 1983) . Many bird species are capable of generating 2 or more embryos, but this is seldom documented (Hollander and Levi, 1940; Jackson, 1965; Pattee et al., 1984; Horbańczuk et al., 2003; Wiercińska and Szczerbińska, 2005; Bailey and Clark, 2014; Damaziak et al., 2015) . Observations of this phenomenon in wild bird populations are accidental and, in the case of large-scale poultry production, detailed embryopathological analyses are not common. Research results suggest that in chickens, C 2018 Poultry Science Association Inc. Received March 26, 2018. Accepted June 14, 2018. 1 KA and MWL contributed equally to this study. 2 Corresponding author: rzlis@cyf-kr.edu.pl multiple embryos occur in 0.1 to 2.8% of eggs (Byerly and Olsen, 1934; Jeffrey et al., 1953) .
According to Romanoff and Romanoff (1972) , avian twin embryos may be produced: 1) from 2 yolks surrounded by a separate or shared external vitelline membrane; 2) from 2 or more blastodiscs in 1 yolk; and 3) as a result of disturbances at the stage of gastrulation, including double gastrulation or longitudinal fission of a single blastoderm from 1 yolk leading to the development of monovular, monozygotic identical twins. The latter example represents the accidental polyembryony that can be found in vertebrates (e.g., armadillos, opossum, sheep, cow, and human) (Scott, 2002; Silva del Río et al., 2006; McNamara et al., 2016) , but the specificity of avian egg anatomy and embryogenesis (polylecithal oocyte, undivided yolk sac) do not allow this type of proliferation of birds. Some populations of wild birds (Asthaimer and Grau, 1985) and lines of poultry (Sittmann et al., 1971; Witkowski, 1977) may be particularly predisposed to developing multiple embryos, including monovular twin embryos (MTE). Such instances were observed in previous laying seasons of a pedigree flock of zatorska geese during routine egg 4425 breakout analysis conducted by Lis and Andres (unpublished data) . This breed was created in the 1950s as a result of the crossbreeding of 4 Polish indigenous varieties: 3 descended from the graylag (Anser anser) and 1 from the swan goose (Anser cygnoides). Currently, the zatorska goose is classified as endangered-maintained by the FAO (Scherf, 2000) ; it is covered by the genetic resources conservation program and maintained in only 1 flock of around 450 birds (Rabsztyn, 2006; Graczyk et al., 2017) .
Therefore, it seemed interesting to investigate the frequency of the occurrence of twin embryos in the zatorska goose and to establish whether these embryos are a result of polyembryony or 2 blastodiscs on 1 yolk.
MATERIALS AND METHODS

Biological Material
The research was carried out during 1 reproductive season on 3,220 eggs obtained from 20 pedigree breeding pens (F.1-F.20) of the zatorska goose (line ZD-1), each comprised of 1 sire and 6 dams, maintained at the Experimental Station of the Faculty of Animal Sciences (University of Agriculture in Kraków). The birds were fed with a conventional commercial feed mixture and litter-floor-housed in an unheated poultry house with access to separated all-day open runs under a shortday regime (10L: 14D). Pens were equipped with nests for individual laying performance control.
The analysis included 9 sets of eggs placed in the setter on the following dates: 10-03 (S.I); 17-03 (S.II); 24-03 (S.III); 31-03 (S.IV); 14-04 (S.V); 21-04 (S.VI); 28-04 (S.VII); 5-05 (S.VIII); 12-05 (S.IX). Hatching eggs were weighed after laying and stored before incubation at a temperature of 17 ± 2
• C and relative humidity of 75 ± 5% for 2 to 8 d (2,876 eggs, S.I-IV and SVI-S.IX) and 9 to 14 d (344 eggs, S.V). Hatching eggs were transported in a specially adapted vehicle over a distance of 100 km (approx. a 2-h trip) to the hatchery, approx. 24 h prior to setting. The eggs were incubated in D36 setters (Reform Poldrob, Gostyń, Poland) up to the 28th day of incubation at 37.6 ± 0.1
• C and 60 ± 1% relative humidity (RH). From 10th day of incubation, eggs were cooled daily outside the setter for 20 min to decrease eggshell temperature to 30 to 32
• C. From day 16 eggs were also sprayed with water. At 29th day of incubation eggs were transferred to an ATLAS hatcher (Reform Poldrob, Gostyń, Poland) and incubated at 37.2 ± 0.1
• C and 70 ± 5% RH till hatching.
Eggs were candled at day 7, 14, and 28. All eggs rejected at candling or unhatched were subjected to embryopathological analysis that included identification of the developmental stages of all MTEs at the time of death. Developmental stages were determined using a standard staging system devised for chick embryos (HH stages, Hamburger and Hamilton, 1951 ) and a key based on day of incubation (E) for the domestic goose (Niedzió lka et al. 2009). The distribution of embryo mortality was determined in reference to 3 successive incubation periods corresponding to the pattern of embryo mortality of domestic fowl (Romanoff, 1949; Andres and Lis, 2007) : 1) early phase, up to day 8 (E1-E8); 2) middle phase (E9-E27); 3) late phase (perihatching, E28-E31).
Analysis of Relatedness
Relatedness for individual MTEs was calculated for 3 preceding generations according to the formula devised by Wright (1922) using CFC (Contribution, Inbreeding (F), Coancestry) software (Sargolzaei et al., 2006) .
Analysis of Genetic Similarity in MTE
Genomic DNA analysis was conducted on 7 MTEs for which there was no doubt concerning to which of the cotwins the soft tissues belonged; the DNA analysis also extended to the parents of these MTEs. A volume of 40 μL of homogenized soft tissues of each embryo and 20 μL of fresh blood from the wing veins of the parental birds were suspended in 400 μL of lysis buffer (100 mM NaCl, 10 mM pH 8.0 Tris-HCl, 10 mM Na 2 EDTA, 2% SDS) with proteinase K (75 ng/μL) and incubated at 56
• C overnight. DNA was isolated by extraction with phenol and a mixture of chloroform with amyl alcohol (24:1). Genomic DNA was precipitated with 2-propanol and 70% ethanol (Sambrook et al., 1989) and dissolved in water. DNA concentration and purity were determined spectrophotometrically using Nanodrop ND2000 (Thermo Fisher Scientific, Hudson, NH). DNA concentration was optimized to 35 ng/μL.
Genotyping of the genomic DNA covered 5 microsatellite loci: Bcaμ10, CAUD-G12, CAUDG13, CKW43, and TTUCG5.These were selected from the markers analyzed previously by Andres and Kapkowska (2011) (Table 1 ). The selection of markers, which amounted to 99.36%, was based on calculation of the combined probability of exclusion of identity of 140 individual zatorska geese from 20 breeding flocks (Cervus 3.0.7; Kalinowski et al., 2007) . Furthermore, the Z chromosome-linked CKW43 marker (Andres and Kapkowska, 2011) was used to determine the sex of each MTE.
Microsatellite DNA was amplified using a C-1000 thermal cycler (Bio-Rad, Hercules, CA). The sample (25 μL) consisted of a reaction mixture containing 20 mM Tris-HCl, 3.0 mM MgCl 2 , 50 mM KCl, 0.2 mM of dNTP mix, 0.25 U Taq DNA polymerase (Invitrogen, Carlsbad, CA), 5 pmol of each pair of primers, and approx. 60 ng of template DNA. The DNA was amplified using the following temperature gradient: initial denaturation at 95
• C for 2 min, 35 cycles of denaturation at 94
• C for 30 s, annealing at primer-specific temperature for 45 s (Table 1) , extension at 72
• C for 1 min, and the final extension phase at 72
• C for 8 min. Amplification products and 10 bp DNA Ladder (Invitrogen) were separated on 6% denaturing polyacrylamide gel in a Sequi-Gen GT electrophoresis apparatus (BioRad). DNA in the gel was visualized by applying silver staining (Qu et al. 2005 ) and the genotypes were identified based on analysis of digital images.
Statistical Analysis
The frequency of incidence of MTE in breeding flocks, egg storage time, and mortality phases were compared by a Z-test. The effect of monovular twinning on egg weight was analyzed with a 1-way ANOVA and Tukey's post hoc test. Moreover, the dependence of the frequency of MTEs on the time of egg storage before incubation was described by polynomial regression. Whole calculations were performed using Sigma-Stat 3.5 (SPSS Science Software Ltd., San Jose, CA).
RESULTS
MTE Incidence
The fertilization rate and hatchability of the analyzed zatorska goose eggs amounted to 60.8 and 41.1%, respectively. Post-mortem examination revealed 13 incidences of monovular twin embryos (0.66% compared to embryonated eggs), including 12 complete twins (0.61%) and 1 conjoined twin connected by the thorax (0.05%) ( Table 2 ). Embryopathological analysis indicated that each MTE displayed morphological features typical of monovular twins and developed in normally formed 1-yolk eggs with a weight (mean ± SD) of 171 ± 11.4 g. This compares to a weight of 174 ± 13.3 g in the whole flock (P > 0.05).
MTEs were found in 7 of 9 experimental sets (Table 3) . Five pairs of twins were found in eggs that were stored between 9 and 13 d (in S.V from 14 April). This means that the incidence of monovular twins in eggs stored for more than 8 d is 5.23 times higher than in those stored up to 8 d (P ≤ 0.05) ( Table 4 ). The incidence of MTEs increased with the duration of the eggs' storage and displayed the following trend: y = 0.0524x 2 -0.2796x + 0.6813; R 2 = 0.867 (P ≤ 0.05, Figure 1 ). Twin embryo death at different developmental stages occurred in both cotwins simultaneously (Table 3 ). The earliest developmental stage at which twin embryos died corresponded to HH stage 21, i.e., the 3rd or 4th day of incubation. Each embryo in this pair was surrounded by separate pellucid areas (Figure 2 ). In total, 3 pairs of twins died (23%) in the first mortality phase and 4 pairs (31%) died in the middle mortality phase (P > 0.05). Six pairs of twins (46%) survived until the peri-hatching period (Table 4) . Embryos which died during late stages of embryogenesis were oriented longwise with heads placed in the large end of the egg and adjoined abdominally. These embryos shared an unretracted yolk sac with clear signs of yolk absorption (Figure 3 ). Only one pair of twins was fully developed at the time of death (HH stage 45; E30/31), but internal piping had not occurred.
Analysis of MTE Relatedness and Genetic Similarity
One to 3 MTEs per flock were reported in 9 out of 20 breeding flocks (Table 2) . Only 2 twins came from the same father and all of them came from different mothers (Table 5 ). Pedigree analysis to 3 preceding generations of each set of twins revealed that the kinship index ranged from 0.0 to 25.0%. However, the data obtained in our experiment do not confirm that some goose family units are predisposed to developing twin embryos (P > 0.05).
The results of genotyping of the microsatellite loci demonstrated full genetic similarity in 6 pairs of twins and a dissimilarity in 2 loci in 1 pair of twins (Table 5) . Furthermore, the full identity of alleles at the CKW43 locus in each of the analyzed MTE pairs does not exclude that all pairs of twins are of the same sex.
DISCUSSION
The rate of reproduction of the zatorska goose obtained in this study and in general is relatively poor compared to other geese (Mazanowski, 2012) , mainly due to the adoption of a harem system which is characterized by reduced mating activity (Rabsztyn, 2006; Gumu lka and Rozenboim, 2015) . Moreover, due to its ancestry this breed has 2 types of chromosomes in pair no. 4: submetacentric chromosomes from Anser anser and metacentric from Anser cygnoides. Jaszczak et al. (1996) demonstrated that the latter occur in approx. 4% of developing embryos, while other chromosome abnormalities (i.e., haploids, haploid/diploid, haploid/diploid/triploid chimera, trisomics, triploid, and diploid/tetraploid mosaics) occur in approx. 5% of developing embryos. It is supposed that the presence of 2 types of chromosomes in this population could contribute to the reduction in reproductive success (Rabsztyn et al, 1997) .
The incidence of MTE in the zatorska goose determined in the considered period was considerably higher than the results obtained in systematic studies involving large-scale samples (e.g., 0.0017 to 0.0031% for chicken) (Byerly and Olsen, 1934) . It seems that data concerning MTEs are incomplete as the results of routine breakout analyses performed at hatcheries are seldom published. The incidence of MTEs in various poultry species recorded during experiments focused on other aspects and amounted to 0.11% in emu (Bassett et al., 1999) , 0.26% in chicken (Olsen and Haynes, 1948) , 0.39% in turkey (Sittmann et al., 1971) , and 0.95% of complete and 0.48% of conjoined MTEs in Japanese quail (Homma and Jinno, 1968) . Interestingly, birds are also capable of producing monovular triplets, but their occurrence is seldom documented (Romanoff and Romanoff, 1972; Witkowski, 1977) . Routine breakout examination of the unhatched eggs obtained from the zatorska goose that were not included in this experiment revealed one instance of monovular triplets at the E6 developmental stage (Figure 4) . The results of embryopathological analysis revealed that almost half of the MTEs developed properly until hatching. Hatching was obstructed by a the necessity of sharing of a common yolk sack and the position of the embryos inside the egg, which prevented the piping and breathing of one gosling. Besides one incidence of conjugation, other malformations were not reported. However, Sittmann et al. (1971) demonstrated that the incidence of conjugation and various types of head deformations (e.g., small head, rudimentary maxilla and mandible as well as anophthalmia) was more frequent in quail and chicken MTEs.
The knowledge on the causes underlying the formation of avian twin embryos is still rudimentary (Poulris, 2011) . It is believed that the development of MTEs is due to disturbances during gastrulation (Romanoff and Romanoff, 1972; Poulris, 2011) . Under laboratory conditions, mechanical separation of blastomeres before incubation allows 2, 3, 4, or even more embryos to be obtained (Lutz, 1976) . Egg shaking before (e.g., egg transport) and during incubation is thought to cause malformations but most probably does not increase the frequency of formation of twins (Sittmann et al., 1971) .
The mechanism responsible for complete MTEs may contribute to revealing which developmental processes influence the occurrence of conjoined twins. These kinds of deformations are quite frequent in domestic birds (Ulshafer and Clavert, 1979; Poulris, 2011) and are possibly caused by orientation changes of eggs within the uterus during the critical period of symmetrization, thus resulting in the formation of 2 (or more) organizing centers. It is now known that early chick embryo tissues express cVg1 protein, which is responsible for the development of a line of symmetry and prevents twin embryo formation (Seleiro et al., 1996) . The expression of cVg1 protein is regulated by transcription factor Pitx2. Torlopp et al. (2014) showed that in the absence of Pitx2, an embryonic axis is also formed from the opposite side of the embryo.
Blastomere disengagement, which leads to the development of partial and complete duplications, appears to be contingent on special environmental conditions (Sittmann et al., 1971; Johnson et al., 1989) . It is known that dramatic cytoarchitectural changes of blastomeres occur during prolonged egg storage (Pokhrel et al., 2018) . In research carried out on various poultry species, Sittmann et al. (1971) indicated that body duplication increases with the length of egg storage. Additionally, development of twin embryos seems to be stimulated by subjecting embryos to hypothermia (overcooling) before incubation; this is usually related to the season and atmospheric conditions (Landauer, 1943; Olsen and Haynes, 1948; Batt et al., 1975) . What is more, it has been shown that development of MTEs is stimulated by inducing hypothermia in female body prior to and during ovulation (Sturkie, 1946) .
The genotyping in this study of 6 sets of twins revealed that they had identical genotypes, which also implies that they developed from 1 blastodisc (Table 5). Bassett et al. (1999) revealed genetic similarity in emu twins despite the fact that the twin-bearing egg was significantly larger than any other in the same clutch. However, some authors report the possibility of monovular twins developing from 2 or more blastoderms on 1 yolk. These yolks and eggs are usually particularly large (Romanoff and Romanoff, 1949, 1972; Asthaimer and Grau, 1985; Betuel et al., 2015) . Nevertheless, the occurrence of 2 or more blastoderms on 1 regular yolk has been reported for some wild and domestic birds (Romanoff and Romanoff, 1949, Krizenecky et al., 1958; Asthaimer and Grau, 1985) . Yolks with formations similar to additional unfertilized blastodiscs were identified during our routine breakout analyses of eggs obtained from the zatorska goose in previous breeding seasons (Lis and Andres, unpublished results). Finding of 1 pair of twins with different genotypes (Table 5 , twin symbol B) in an egg of a typical weight (Table 3 ) could confirm the hypothesis that these structures were actually additional, separate blastodiscs.
In mammals, predisposition to monovular twinning seems to be regulated by genetic background (Silva del Río et al., 2006; Weber and Sebire, 2010; McNamara et al., 2016) . Confirmation of the heritable nature of twinning in birds is extremely difficult as avian MTEs very seldom occur and die before hatching. Analysis of a population of the Japanese quail, which is characterized by frequent occurrence of the twins, conducted by Sittmann et al. (1971) revealed that this phenomenon may be caused by a single autosomal gene that is not fully penetrant. A very interesting case, also concerning Japanese quail, was described by Witkowski (1977) , who reported 3 instances of MTE and 1 of monovular triplets (besides other numerous embryo abnormalities) in 35 fertilized eggs obtained from 1 female. The results of the aforementioned molecular studies support the thesis that the incidence of twinning may The microsatellite alleles marked in bold differ between twin 1 and twin 2.
be increased by mutations of the genes responsible for the development of the line of symmetry of the embryo, or sensitivity to the position of the embryo in relation to the uterus (Ulshafer and Clavert, 1979) . As mentioned previously, analysis of relatedness among MTEs of the zatorska goose does not provide evidence that predisposition toward twinning results directly from the differences in the genetic backgrounds of individuals in this population. This problem requires wider inheritance studies extended to subsequent generations. To sum up, the number of monovular twin embryos reported in this study was high enough to claim that this developmental abnormality is frequent in the zatorska goose. Despite a lack of evidence for the genetic basis of twinning, it seems that goose embryos of this breed may be more susceptible to duplication under special conditions, such as prolonged egg storage.
